Objectives To analyse CT use in recent years in a high-density Italian area (±10 million inhabitants, including 1 million children), focusing on developing age. Methods Retrospective analysis of records from HealthCare IT System, covering >400 hospitals and clinics. Description of CT use between 2004-2014 in emergency and outpatient care and assessment of radiation exposure trend. Results Over 9 million scans were performed. Emergency procedures showed a global increase of 230 %, mainly head examinations. In the global outpatient setting, the annual number of CT scans/person increased ±19 %. A moderate increase in CT examinations was observed in the developing age population, while a remarkable increase in dental, chest and abdominal procedures occurred for the 10-to 30-year age range. The increase in mean annual dose/capita in the global patient pool was approximately 42 %, increasing from 0.72-1.03 mSv. The population rate receiving an annual CT radiation dose/capita higher than 1 mSv tripled in the 11-year interval, increasing from 16-48 %. Conclusions The remarkable increase in radiation exposure raises a special concern for teenagers and young adults, whose risk tends to be underestimated. The fivefold increase in dental CTs in the younger age groups requires further investigations. Key Points • Literature highlights a remarkable increase in CT use over the last decades.
Introduction
Data in the literature highlight an increase in the annual number of computed tomography (CT) examinations performed in the last decade in industrialized countries. Some national surveys showed the increasing trend in radiation exposure has nearly doubled in the overall population [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Although CT examinations still represent only a slight percentage of the total radio-diagnostic procedures, the high radiation dose associated with each CT examination makes such examinations cover more than 70 % of the overall dose from medical practice [11, 13, 17, 18] .
Exposure to radiation carries a risk for patients. This risk, in the range of doses involved in radio-diagnostics, is considered directly proportional to the amount of radiation administered to the exposed individual [19] [20] [21] .
Concern about the spread of CT use has triggered efforts to manage and monitor patient radiation exposure levels associated with this procedure. Recent studies have drawn specific attention to paediatric CT examinations and the higher cancer risk associated with this age group due to the longer life expectation and higher cellular mitogenic activity in this age group [22] [23] [24] [25] [26] [27] [28] [29] .
More recently, important CT applications have been considered in odontoiatric practice. In 2008, the total number of medical and dental X-ray examinations performed in the UK increased 10 % compared to 1998 [17] . The most frequent examinations in 2008 in Switzerland were conventional and dental radiographies (88 %) [11] . These trends highlighted the increase in the collective dose from dental X-ray examinations, which are increasingly becoming a relevant part of the total medical examinations based on ionizing radiation.
This study proposes a systematic trend analysis of CT use by referring to the examination types and age groups, together with assessment of the per capita effective dose from CT examinations. The study is based on data collected from 2004 to 2014 in Lombardy, an Italian region of 10 million inhabitants. The discussion aims to highlight how the global CT trend, due to all kinds of CT examinations, is related to that of the different CT types and the age groups that, depending on the CT type, require special attention.
Materials and methods

Data collection
This retrospective study was performed by processing data collected between 2004 and 2014 by the Regional Health Care System (RHCS). This is a technological platform that systematically collects detailed information related to the patient and procedure anytime a CT examination is performed in the emergency or outpatient setting. No information about inpatient procedure is available.
During an 11-year study period, a total number of about 106 million and 17 million of CT examinations were performed on adult and paediatric patients, respectively. Enrolees from an average resident population of 9.7 million underwent a total of approximately 9.2 million CT examinations at more than 400 facilities.
To have a simple and clear representation of data trends, CT examinations were classified according to the associated body sections and further organized in the following four groups: head (skull, neck, dental, facial and ear); trunk (abdomen, chest); spine; and arthro.
To calculate the number of CT examinations per resident, series from Lombardy residents were extracted from the official archive of the Italian Institute of Statistics (GeoDemo site). The data analysis was performed while considering the entire resident population (age 0-100 years) and by considering the age group from 0 to 17 years, which corresponds to the paediatric age group in Italy.
Data analysis
The data analysis was first focused on the total number of CTscans and on the number of CT scans per resident. Emergency and outpatient cases were processed separately. A detailed analysis was then performed to characterize the numerical variation of CT procedures classified in terms of the different body sections involved.
Paediatric data were analysed according to the same approach adopted for the entire population.
Data extracted from the RHCS allowed for reconstruction of the distribution of the number of CT scans performed at different ages and the time of exposure. Using demographic data by age, the distributions of the number of CT examinations per resident was also calculated.
Per capita effective dose assessment
Data were used to calculate the per capita effective dose for the whole population due to the main CT examinations (head, abdomen, chest and spine). For this, the results of a CT rate analysis were combined with dosimetric data from a multidetector CT study by Palorini et al. [30] that was recently published. This survey reports data collected through questionnaires submitted to Italian medical centres that were mainly selected for their statistical relevance. Each centre provided data according to methodology based on the available technology. The dose length product (DLP) values for different types of examinations, i.e. anatomical sections, are supplied as parametric distributions (gamma functions).
For each examination type (abdomen, chest, head and spine), the annual per capita effective dose distribution E pc, exam (E) , where E is the effective dose, was calculated by multiplying the DLP distribution taken from the literature by the appropriate DLP-to-dose coefficient [31] and by the annual examination frequency.
The following considerations should be noted:
-DLP values and DLP-to-dose coefficients refer to adults; this approximation affects the calculation performed. More than 75 % of paediatric examinations are typically performed on patients older than 10 years of age, which is an age at which differences with respect to adults decrease in terms of the patient size and protocol. Moreover, the relative weight of the paediatric examination frequencyover the total amount is always lower than 4 %. Eventually, the annual per capita effective dose distribution E pc, all (E) due to all examinations was obtained through the convolution of the E pc, exam (E). The calculations were only performed for 2004 and 2014 data for comparison aims and trend studies.
Per capita effective dose calculation
The per capita effective dose calculation procedure is based on the DLP distribution for each type of examination reported by Palorini et al. [30] . To perform the statistical calculations and dose estimation, these distributions, defined as D exam (DLP), are given in the form of probability functions:
where Γ(c) is the gamma function, a mathematical function used to fit DLP distributions, while b and c are parameters that give the proper shape to the distribution. The annual per capita effective dose distribution due to a single type of examination E pc, exam (E) can be calculated by scaling the D exam (DLP) with the DLP-to-dose coefficient associated with the body section of interest in the examination, k exam (see Supplementary Material Table 1) , and with the annual frequency of the examination, f exam . Mathematically, this calculation can be described as follows:
Finally, the per capita effective dose distribution due to all examinations E pc, all (E) is the sum of the per capita effective dose distribution of each examination E pc, exam (E). Since this sum deals with statistical distributions (in other words is the sum of continuous random variables), the result is obtained operatively by performing a mathematical procedure called convolution, which combines sequentially each E pc, exam (E) distribution as follows:
which calculates the per capita effective dose distribution associated with the sum of abdomen and chest examinations,
which includes in the per capita effective dose distribution the contribution of head examinations, and
that finally gives the per capita effective dose distribution due to all examinations considered.
Results
Patients of all ages (ages 0-100 years)
The total number of CT examinations increased by 43 % from approximately 700,000 in 2004 to over 1 million in 2014, while the relative number of CT scans increased 39 % (from 75 examinations per 1,000 residents in 2004 to 104 in 2014), which corresponds to an average annual increase of 3.5 %. The percentage weight of emergency activity has increased from 9.5 % to 22.6 % among the overall CT procedures.
A detailed analysis of CT use by referring to the different body sections involved in the procedures provided the following results.
& Emergency setting. Head CT examination is the most relevant procedure. In particular, skull CTs cover approximately 70 % of the overall amount. The annual trend of CT examinations classified by anatomical section is shown in Fig. 1A (left) , and the relative weight of each section in 2004 and 2014 is reported in Fig. 1A (right). The number of emergency head CTs over the observed length of time tripled (from six to 18 examinations per 1,000 residents). A growth trend can also be observed for facial, abdomen, chest, spine and arthro, albeit with lower numerical importance (fewer than two examinations per 1,000 residents). & Outpatient setting. Fig. 1B (left) shows an 18.9 % increase in the total number of CT scans per resident. The slight change in the global CT scan number is the result of opposing trends. In fact, while the spine and arthro groups exhibit a reduction of approximately 64 % and 35 %, respectively, the trunk and head groups significantly increased. As a result, the percentage weights of the number of arthro CTs and, especially, of spine CTs, were strongly reduced from 2004 to 2014 in favour of trunk and head CT scans (Fig. 1B, right) . Data were also processed by classifying CT examinations according to each body region and by calculating the ratio between the number of examinations performed each year normalized to 2004 (Fig. 1C) . The largest relative increment was found for neck, chest and abdomen CTs, which were more than doubled in 2014 compared to 2004. Additionally, dental CT scans had significant growth until 2010, which was followed by a decreasing trend. The spine is the anatomical region with the most pronounced reduction.
Paediatric patients (ages 0-17 years)
Over the 11-year period, approximately 1.6 million paediatric enrolees underwent a total of 128,563 CT examinations at more than 400 facilities. The total number of CTscans increased by 60 % from approximately 9,000 in 2004 to 14,400 in 2014, with a variation from 6.3 to 8.5 examinations per 1,000 residents (more than 35 %), which was mainly due to the positive trend of emergency procedures. The percentage weight of CTscans performed on children in the emergency setting increased from approximately 25 % to 38 % of the total number of CTs. Data collected in the RHCS allowed for reconstruction of the detailed statistics of CTuse relative to the different body sections.
& Emergency setting. As observed in Fig. 1 , the main procedure in the emergency setting was a head CT ( Fig. 2A) . (Fig. 2B, left) . This behaviour is due to a balance between an increase in head and trunk CTs and a decrease in spine and arthro CTs. The time evolution of each type of CT examination compared to 2004 is shown in Fig. 2C . Neck CT data were omitted because of their very low values and associated large numerical fluctuations. The largest relative increment is observed for dental CT scans (from 0.37 to 1.66 examinations per 1,000 residents aged 0-17 years). Additionally, chest and abdomen CTs showed significant growth, while skull, arthro and spine CTs decreased (Fig. 2B ). Dental and facial CTs were the procedures with the highest recurrence rate in 2014.
CT use by age at radiation exposure
The age distributions of the total number of CT examinations per resident were calculated for procedures performed in 2004 (blue line) and 2014 (red line) in both emergency care services (Fig. 3, A) and outpatients (Fig. 3, B) . The results have similarities; there were negligible values for children younger than 10 years of age, a sharp increase between 10 and 20 years and a plateau above 20 years. Large fluctuations at an age older than 85 years are due to both demographic and RHCS data statistics, while narrow peaks result from rapid demographic changes during or immediately after the first and second world wars.
The impact of CT use in the emergency setting was increased for all ages (Fig. 3A) . Those who were 65-100 years of age underwent the highest number of CT scans, especially in recent years (2014), with values ranging from 20 to 120 examinations per 1,000 residents. In the outpatient care setting, the distribution shifts towards higher ages and the number of CT examinations per resident slightly decreases in the 20-to 55-year age range, while it dramatically increases for the over 65 years group (Fig.  3B) . Figure 3 (C, D, E and F) shows the distribution of skull CTs in the emergency care setting and that of dental, chest and abdomen CTs in the outpatient care setting. The most peculiar data were the distribution of dental CTs (Fig. 3D) , which showed a large change over time in both the values and the profile.
Population radiation dose due to CT examinations
The per capita effective dose calculation is pivotal for fully assessing the impact of radiation exposure associated with CT examinations on the population. Although the assessment over the observation period was based on average values, it allows for comparison with data in the literature on medical radiation exposure reported for other countries. It should be underlined that this analysis does not consider CT procedures performed during hospitalization (internal examinations); therefore, the dosimetric assessment is likely to underestimate the true total dose value. Results obtained according to the procedures described in the Methods section are shown in Fig. 4 (A, B) . The mean value of the per capita effective dose increased from 0.72 mSv (2004) to 1.03 mSv (2014) (Fig. 4A ) and the related distribution increased (Fig. 4B ). This increase in dose, approximately 42 %, is directly related to the increased number of CT examinations because the dosimetric value (DLP) for each type of examination used for its calculation was kept constant. This assumption could introduce an overestimation in the calculated increment in dose, since the diffusion of modern dose reduction techniques over the study period, such as tube current modulation and iterative reconstruction algorithms, could partially compensate the observed trend. However, this consideration cannot be confirmed and implemented in the calculation, due to the lack of scientifically proven data about the actual trend of DLP values over the study period.
The population fraction exposed to an annual dose higher than 1 mSv increased from 16 % in 2004 to 48 % in 2014. This result alters the range of per capita doses reported from other European national surveys.
Discussion
General considerations
This study demonstrates that over a recent 11-year period, there was a general increase in the total number of CT examinations in a large area of Western Europe, where the state-of-the-art medical practice is mostly determined by the public health system control and financing. The increase in the total number of CTscans agrees with the trend reported by similar surveys in other Western areas with health systems that rely on both public and private settings [3, 7, 11, 12, 16] . With some exceptions (spine, arthro section), all types of CT procedures performed in the outpatient and emergency-care settings increased from moderate (skull and facial) to remarkable (chest, abdomen, neck and dental).
Because the possibility of a general higher incidence of diseases is an unlikely explanation, possible alternative reasons could be the following.
1. An enhanced trend towards a more defensive medicine attitude, especially when the remarkable increase of some type of emergency medicine investigations is considered, which has very likely affected the head CT pool at any age. 2. The often-overemphasized role of imaging with respect to the clinical examination to reach a correct diagnosis. This could have influenced the increase in abdominal and chest examinations. 3. The use of CT for early lung cancer screening that started in 2000 is one of the reasons for an increase in chest CTs. 4. The observation that CT procedures are becoming increasingly simple to perform from a technical point of view because of faster scanners and more intuitive software; meanwhile, MR imaging, an alternative to CT in many instances, still suffers from less straightforward application, requiring more advanced and longer staff training. However, this limitation seems to have been overcome in those fields in which CT accuracy is clearly inferior (i.e. arthro and spine investigations). Our data show a steady decrease in the number of CTs in such anatomical sections. 5. The longer survival time of oncological patients who often undergo long-lasting imaging follow-up, which could help explain the remarkable increase in chest and abdominal examinations that we observed in the sixth and seventh decades.
One of the main issues demonstrated in this study is related to the remarkable increase in dental CT examinations in outpatient care around the third and sixth decades (Fig. 3D) . This issue needs to be carefully addressed both in term of causative factors and the concern about radiation exposure. It could, for instance, be related to the increase in dental implant procedures, which often require a pre-implant CT map.
The trend of a relative dental-CT decrease shown by Fig.  1C after 2010 could be explained by the progressive increase in dental examinations based on cone-beam technology in the adult population in lieu of CT.
An increase in the per capita effective dose values, consistent with those reported from other European national surveys, was observed [3, 11, 17] . It is known that one-third of medical imaging examinations are not strictly justified by clinical indications [32] [33] [34] [35] [36] [37] .
Paediatric and teenager population
One of the most relevant observations regarding paediatric and teenager patients is represented by the remarkable increase in the number of head scans (Fig. 3A and 3B ). This result raises some concerns. While the increase in the emergency setting could be partially justified, the increase in outpatient procedures can hardly be acceptable given the large availability of MR units in Lombardy. Of note, the increase in emergency department examinations could be related to a weak conduct compliance performed by health professionals with regard to the head trauma protocol and guidelines in use, which would account mainly for general hospitals. In disagreement with such guidelines and unlike paediatric hospital practice, the use of clinical observation after minor head trauma in the hospital setting might have been wrongly substituted by CT examinations. Regarding the outpatient setting, a decrease in CTs would be expected in favour of MR investigations. As this was not the case, additional reasons could be investigated, such as the insufficient update of general practitioners and family paediatricians. In this regard, it is worth underscoring a relevant feature that has not been addressed by previous similar surveys, which is that the overall increase of head CT examinations over time was remarkable in teenagers and in the middle-aged population (Fig. 3C) . While infants and children underwent CT less frequently, the rates in teenagers were similar to those in adults. This suggests that the concern about exposing a teenager to radiation in clinical practice is frequently similar to that in adults. However, teenagers, albeit less prone to radiation-induced cancer than infants, have a higher risk from CT exposure than adults. This hypothesis is supported by the observation that a significant percentage of physicians still underestimate the radiation dose from CT scans [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
Paediatric and teenager dental radiation exposure Dental CTs had the highest relative increase over time compared to all other procedures with an almost fivefold increase (Fig. 2C) . Unlike the older age groups, where dental implant procedures could explain the increase in CT examinations [51] , the increase for the younger age group is more difficult to explain:
1. In recent years, paediatric oral surgeons, dentists and orthodontists have expanded the number of complex procedures that require detailed pre-treatment imaging. 2. There is a lack of guidelines in paediatric dental radiology in our country for the considered time span [52] , though most recently published new guidelines clearly exclude the routine use of dental CTs in children except in exceptional and very complex circumstances [53] . 3. There has been an increase in private paediatric dental care centres in Lombardy in recent decades, which may have triggered a trend towards increasing highly remunerative procedures, such as dental CTs. It also must be considered that CT technology is a major investment for the private sector that needs to be reimbursed.
Conclusions
The increase in CT use and in the CT-derived radiation dose in the population is occurring in spite of the evidence of the substantially improved carcinogenic potential of low doses of X-ray radiation, particularly for children.
In contrast with several published investigations, which underline the radiation risk for paediatric age, the level of detail of the data processed in this study highlights a remarkable increase in the irradiation of teenagers and young adults, whose risk tends to be underestimated.
The fivefold increase in dental CTs over about a decade in the younger age groups raises a special concern and must be addressed by further investigations.
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